Background: DNA methylation is a conserved epigenetic mark that controls genome stability, development and environmental responses in many eukaryotes. DNA methylation can be guided by non-coding RNAs that include small interfering RNAs and scaffold RNAs. Although measurement of DNA methylation and regulatory non-coding RNAs is desirable for many biologists who are interested in exploring epigenetic regulation in their areas, conventional methods have limitations and are technically challenging. For instance, traditional siRNA detection through RNA hybridization requires relatively large amount of small RNAs and involves radioactive isotopes. An alternative approach is RT-qPCR that employs stem loop primers during reverse transcription; however, it requires a prerequisite that the exact sequences of siRNAs should be known.
Background DNA methylation is a major epigenetic mark that can confer transcriptional silencing of genes and transposable elements. RNA-directed DNA methylation (RdDM), which involves complimentary pairing between small RNAs [including small interfering RNAs (siRNAs) and piwiassociated RNAs (piRNAs)] and scaffold RNAs, has been established in plants and mammals [1] [2] [3] [4] [5] . DNA methylation is subject to dynamic regulation during establishment, maintenance, and removal in response to developmental and environmental cues [6] . In order to understand epigenetic regulation, it is important to characterize the histone modification patterns and to determine the levels of DNA methylation and small RNAs, as well as of scaffold RNAs that are chromatin-associated long non-coding RNAs ( Figure 1A ). This study focuses on assays for DNA methylation, small RNAs and scaffold RNAs, since methods for characterizing histone modification patterns such as chromatin immunoprecipitation (ChIP) have been covered extensively [7, 8] . Genome-wide DNA methylation and siRNA accumulation patterns can be precisely profiled by next-generation-sequencing. At individual loci, conventional methods for obtaining data on DNA methylation and non-coding RNAs include bisulfite sequencing for DNA methylation, RNA hybridization for siRNAs, and RT-PCR (reverse transcription followed by polymerase chain reaction) for scaffold RNAs [9, 10] . Although commonly used, these methods have limitations. Bisulfite sequencing is costly and time-consuming, and the assay requires considerable experience in several important steps of the experimental procedure including designing suitable primers. Northern blotting of siRNA requires large amounts of small RNA input and involves radioactive isotopes. RT-PCR is semi-quantitative and, if applied alone, does not distinguish scaffold RNAs from those transcripts that have been released from chromatin. To overcome these limitations, we used the model organism Arabidopsis thaliana to develop PCR-or qPCR-based methods for studying nucleic acids in RdDM. These optimized approaches form an integrative procedure that can be followed by biologists with little experience in epigenetic studies (Figure 1 ).
Results and discussion
The first part of this procedure is to detect alteration in DNA methylation levels. Alternative to bisulfite sequencing, DNA methylation levels in different samples can be compared by Chop PCR, in which methylation-sensitive [A] A model of RdDM in Arabidopsis. Briefly, Pol IV initiates siRNA production by producing single-stranded non-coding RNAs, while Pol V synthesizes scaffold RNAs that recruits Argonaute-associated siRNAs. The complimentary pairing between the two types of non-coding RNAs, as well as physical interactions between proteins in the methylation complex, results in targeting of the methyltransferase DRM2 to RdDM loci. For simplicity, not all known RdDM components are shown.
[B] Chop PCR-based screen for mutants showing abnormal DNA methylation patterns. Red asterisks represent enzyme restriction sites. Cytosine methylation overlapping restriction sites will protect DNA from methylation-sensitive digestion (MSD), while enzymatic cleavage results in failure of subsequent PCR amplification of the target sequences. Note that the enzyme McrBc is special in that it cleaves methylated-but not unmethylated DNA sequences (see also Additional file 2: Table S1 ).
[C] RT-qPCR detection of siRNAs by using stem-loop primers during reverse transcription.
[D] Schematic procedure of nuclei fractionation, which separates chromatin-associated RNAs from RNAs that are not associated with chromatin. See Methods for details. enzyme digestion of DNA is followed by PCR amplification of the target sequence ( Figure 1B ). By using Chop PCR, we developed a method for epigenetic mutant screen that does not need a transgenic reporter gene. A large population of Arabidopsis mutants is commercially available from seed stock sources such as ABRC (Arabidopsis Biological Resource Center) and can be used for Chop PCR-based mutant screen. Genomic DNA samples were prepared by a simple home-made recipe that is suitable for simultaneous DNA extraction from multiple samples. We used the methylation-sensitive restriction enzyme Hae III and examined DNA methylation at AtSN1, a known RdDM target locus. Hundreds of Arabidopsis mutants were screened, resulting in discovery of several DNA hypomethylation mutants including atrrp6l1 alleles that were recently characterized [11] . In addition to Hae III, we have examined some other methylation-sensitive restriction enzymes and correspondingly demonstrated the efficacy of these enzymes in examining several RdDM marker loci in Arabidopsis (Additional file 1: Figure S1 ; Additional file 2: Table S1 ). Different restriction enzymes can be used to assay methyaltion in the different sequence contexts, i.e., CG, CHG, and CHH (H represents A, T, or C). Although Chop PCR examines less cytosine than bisulfite sequencing, observation of DNA hypomethylation by Chop PCR in multiple marker loci is sufficient to demonstrate an epigenetic function. Quantification of the difference in DNA methylation levels can be achieved by Chop qPCR (Additional file 1: Figure S1B ). Parallel amplification of the marker locus from non-digested DNA samples is commonly used to show loading controls. However, we recommend amplifying DNA sequences without restriction sites, from the same digested DNA samples, as internal controls, because experimental accuracy can be increased while the amount of required DNA can be reduced. Compared to traditional forward genetic screens that involve transgenic reporter genes, Chop PCR-based screen does not require generation of a transgenic reporter line and the subsequent mutated population, neither required is the process of map-based cloning that can be time-consuming.
The second part of this procedure is quantification of siRNAs ( Figure 1C ). The levels of siRNAs can be semi-quantitatively detected by RNA hybridization, which typically uses ≥20 μg RNAs that are enriched in sizes smaller than 200 bp [12] . The whole process takes several days from RNA extraction to final results. Alternative to RNA hybridization, small RNAs can be detected by RT-qPCR that employs stem loop primers during reverse transcription [13] . This approach takes only a few hours starting from RNA extraction and involves the patented TaqMan Small RNA Assays. However, the protocol of TaqMan Small RNA Assays, which was initially implemented to detect miRNAs, does not readily enable detection of lower abundance small RNAs such as 24 nt siRNAs that mediate RdDM. In addition, these PCR-based quantitative measurements require, as a prerequisite, knowing the exact sequences of small RNAs; meanwhile mining published small RNA datasets for such information typically requires skills in bioinformatics. Therefore we developed a simple bioinformatics method for selecting siRNAs to quantify and optimized the TaqMan Small RNA Assays protocol for detecting 24 nt siRNAs.
To obtain nucleotide sequences for 24 nt siRNAs from the regions of interest, we searched small RNA sequencing databases. This can be done by BLAST searches of published small RNA databases, such as Zhang et al. [14] , for siRNAs that match the regions of interest. However, such analysis requires skills in bioinformatics. We thus provide an alternative analysis approach that can be applied in any laboratory, by using Arabidopsis AtSN1 locus as an example. AtSN1 locates within 1 kb downstream of the gene At3g44006 [9] . Browsing At3g44006 and its downstream region in IGB (Integrated Genome Brower) identified AtSN1 as At3TE63860, which is a transposable element that starts at 15794808 and ends at 15794619. Arabidopsis small RNA nucleotide sequence information with genomic coordinates is available in the UDelaware Small RNA database [15] . Since 24 nt siRNAs are proposed to pair with scaffold RNAs [1] [2] [3] [4] , we screened AtSN1 small RNAs for 24 nt siRNAs that are annotated as Waston strand, i.e., template DNA strand. This means that these siRNAs have the same sequences as the template DNA strand (despite the U/T difference) and thus can potentially pair with scaffold RNAs. To increase the chance of detecting individual siRNAs, these 24 nt siRNAs were subjected to a second screen for those that showed abundance of ≥ 1 hit per million reads, according to the UDelaware Small RNA database, in the wild type Col-0 ecotype. Among these candidates, one siRNA exhibited sequence homology to a 43 nt probe that had been used for detecting AtSN1 siRNAs by Northern blots [10] . Thus we chose this siRNA for customer TaqMan Small RNA Assay design.
The manufacture-recommended protocol of TaqMan Small RNA Assay suggests using 1-10 ng total RNA per reaction. We were able to observe stress-induced regulation of miRNAs by using ≥ 50 ng total RNA as input (Additional file 1: Figure S2 ). However, most 24 nt siRNAs that we examined were undetectable under similar condition. We found that 400 ng small RNA (the ≤200 bp fraction of total RNA), instead of total RNA, per RT reaction is sufficient for consistently detecting all 24 siRNAs that we tested, including the AtSN1 siRNA ( Figure 2A ). We used snoR101, a small nucleolar RNA, as the internal control to ensure equal RNA input. During the RT reactions, we mixed RNA with 2 μL 20X (manufacture-defined concentration) siRNA RT primer together with 2 μL snoR101 RT primer, instead of using 3 μL siRNA RT primer alone as suggested by the manual. Subsequently, the levels of siRNA and snoR101 were independently measured by quantitative PCR. Because siRNA and snoR101 are simultaneously reverse transcribed in the same tube, the level of snoR101 reflects RT efficiency of each sample, allowing for elimination of false results that may be caused by different RT efficiency between samples.
The effectiveness of using TaqMan Assays to quantify 24nt siRNA levels was confirmed by using the Arabidopsis mutants nrpd1-3 that is defective in RNA polymerase Pol IV, which is required for biogenesis of almost all 24nt siRNAs [14] , and nrpe1-11 that is defective in Pol V, of which mutation decreases the levels of some Pol IV-dependent siRNAs [16] . Compared to wild type plants (Col-0), nrpd1-3 exhibited depletion of all examined siRNAs including AtSN1, siR1003, solo LTR, 5TE27040, IGN5B, and Cluster 2 (Figure 2A ). The nrpe1-11 mutant also showed substantial reduction in the levels of the examined siRNAs except Cluster 2 (Figure 2A ), which is known to be Pol IV-dependent and Pol V-independent [17] . The patterns observed in our RT-qPCR measurements are consistent with published RNA hybridization results [10, 17] and whole genome small RNA sequencing results [18] . Sequences of these individual 24nt siRNAs are listed in Additional file 2: Table S2 . Designing siRNA probes requires only submitting individual siRNA sequences to the manufacturer website of the patented TaqMan Assays.
The third part of studying RdDM nucleic acids is to quantitatively measure chromatin-associated scaffold RNAs. In Arabidopsis, Pol V transcription generates scaffold RNAs that are of low abundance and are devoid of poly-A tail [9] . Therefore we used scaffold RNA-specific primers during reverse transcription for the first-strand cDNA synthesis, and subsequently performed nested qPCR. Such an approach successfully measures Pol V-transcribed scaffold RNAs, as demonstrated by comparison between Col-0 and nrpe1-11 ( Figure 2B ). Although the levels of scaffold RNAs are in proportion to the pool of total Pol V transcripts, sometimes nuclei fractionation is needed to distinguish chromatin-associated scaffold RNAs from those Pol V transcripts that have been released from chromatin ( Figure 1D) , as was the case in our recent study of AtRRP6L1 that functions in retention of Pol V transcripts at chromatin [11] . Nuclei can be isolated with Honda buffer and subsequently lysed in the presence of urea and detergent, followed by centrifugation that sediments chromatin-associated RNAs in the pellet (chromatin-associated fraction), while leaving released RNAs in the supernatant (chromatin-free fraction) ( Figure 1D ). As an indication of successful nuclei fractionation, genomic DNA should be nearly absent in the chromatin-free fractions (Additional file 1: Figure S3 ).
To provide an easy-to-follow procedure, experimental details are described step by step in the Methods.
Conclusions
To summarize, we have developed an integrative procedure for studying nucleic acids that are central players in RNA-directed DNA methylation and other epigenetic regulation (Figure 1) . The results not only demonstrated the efficacy of this procedure (Figure 2 ; Additional file 1: Figure S1-S3 ), but also provide a list of novel RdDM marker loci (Additional file 2: Table S1 ) and the related methylation-sensitive restriction enzymes (Additional file 2: Table S1), as well as the nucleotide sequences of a list of individual 24nt siRNA (Additional file 2: Table S2 ), which can be valuable for future epigenetic studies. Moreover, this procedure requires little previous experimental experience in epigenetics or bioinformatics, and thus can broadly benefit the scientific community. * Note: Because TaqMan stem-loop primer recognizes a specific short sequence and the qPCR reverse primer is complementary to the stem-loop RT primers (see Figure 1C in main text), genomic DNA contamination, if any, will not be a problem for this experiment. Thus no-RT control is unnecessary. In fact, we did not detect qPCR signals even using genomic DNA. 9. Prepare the qPCR mixture as the following:
Methods
TaqMan Small RNA Assay (20×) 1.0 μL cDNA from RT reaction ( 
Perform RT reaction by using SuperScript™ III
First-Strand Synthesis SuperMix (Invitrogen). In each reaction, use mixed gene/scaffold RNA-specific primers (the scaffold RNA and the internal control ACTIN2). For a 10 μL reaction, use 0.5 μL pre-mixed primers (2 mM each). * Note 1: We have tried using some other RT kits and found that, in our hands, SuperScript works best for low-abundance non-coding RNA detection. * Note 2: We recommend using the same amount of RNA for each RT reaction. We typically use 1 μg total RNA for a reaction in 10 μL. * Note 3: No-RT control reactions can be performed by making RT mixtures as describe above but without reverse transcriptase. This will ensure no false qPCR signals from DNA contamination in RNA samples. 4. Perform qPCR by using SYBR® Green Master Mix.
PCR for scaffold RNA and ACTIN2 should be separated.
Step I: 95°C 3 min
Step II: 95°C 10 sec
Step III: Tm 30 sec
Step IV: go to Step II 39 times + plate read (totally 40 cycles)
Step V: increase from 65°C to 95°C, increment 0.5°C for 5 sec, plus plate read
Step VI: End * Note 1: Because cDNAs are synthesized by using gene-/scaffold RNA-specific primers, PCR amplification that follows has to be nested PCR, i.e., positions of the qPCR primers on the DNA coding strand should be upstream of the gene-/scaffold RNA-specific RT primers. * Note 2: A single peak in the melt curve generated by Step V should indicate the specificity of the primers. This can also be examined by DNA gel electrophoresis. 5. Use ACTIN2 as internal control to analyze the results (Refer to Steps V-11 to V-17 for details). * Note: By starting with equal amount of RNA, different samples should show similar Ct value for ACTIN2 in qPCR reactions. Alternatively, another housekeeping gene can be examined to ensure similar RNA quality.
<III-2> Quantitative measurement of scaffold RNAs with nuclei fractionation
